Abstract-The Wireless Sensor Networks (WSN) have been envisioned to help in numerous monitoring applications. Pulsed battery discharge from the nodes prolongs the battery capacity as compared to constant discharge. Idle time between the pulses of discharge helps in recovering the discharged battery capacity. In the hierarchical routing protocol, cluster head nodes expend much higher energy than other nodes without any idle time.
I. INTRODUCTION
The Wireless Sensor Networks (WSN) have been envisioned to help in numerous monitoring applications [1] , [2] in both military and civilian fields. The WSN consists of thousands of small and cheap nodes, when deployed, should organize themselves, detect specific event(s) and send this information to the sink node. Each sensor node consists of a small battery, a sensing device, a radio device with an amplifier, and other digital circuitry. In a typical sensor node, sensing device and digital circuitry draw a very small amount of constant power from the battery. But the radio device with an amplifier draws much higher power during the transmission and the reception of the packets. Hence, designing a energy efficient routing protocol is paramount to improve the lifetime of the WSN.
Every node is powered with a limited capacity battery. Battery discharge characteristics also greatly influence the capacity of the battery. There are two types of battery capacities: theoretical capacity and nominal capacity, which are explained in the Section II. Several works [3] , [4] have showed that the battery capacity can be prolonged up to the theoretical capacity [5] by using pulsed discharge instead of constant discharge. Idle time between the pulses of discharge allows the battery to recover some of its spent nominal capacity sink cluster head due to recovery capacity effect [5] . Recovery capacity of the battery depends on the state of the battery. The state of the battery [5] is represented as a 2-tuple, denote the remaining theoretical and nominal battery capacities respectively.
Current WSN routing protocols can be grouped into following two categories: hierarchical [6] , [7] , [8] and flat [9] , [10] . In the hierarchical routing, nodes are divided into logical clusters. In each cluster, some special node acts as the cluster head. Other nodes inside the cluster are referred as the clients. Data packets originating from the client node are forwarded to its cluster head. Based on the type of application, cluster head aggregates the data packets before forwarding them to the sink node. In the hierarchical routing, cluster head needs to expend much higher energy than the client nodes without any idle times. Flat routing does not have any special cluster head nodes. Every node should forward its data packets towards the sink node.
In this paper, we are proposing a Hierarchical-Battery Aware Routing (H-BAR) protocol for the WSNs. H-BAR is a distributed protocol, in which, role of cluster heads is changed between nodes periodically. Due to periodic changing, every node expends its energy in a pulsed pattern. To make discharge as uniform as possible, nodes with the higher remaining capacities are chosen as the cluster heads. Previous hierarchical routing protocols [6] , [7] , [8] does not provide uniform discharge from the nodes. We are not aware of any work that incorporates the battery awareness in the hierarchical routing. We will show through extensive simulations that the H-BAR improves the lifetime of the network up to 3 times over the LEACH protocol.
II. BATTERY CHARACTERISTICS
There are two types of battery capacities, which are defined as below:
Theoretical Capacity (T) : The battery capacity available from the total active materials contained in the battery. Hence, the total battery discharge can't be more than the theoretical capacity.
Nominal (Standard) Capacity (N): This corresponds to the actual capacity available, when the battery is discharged at a specified constant current. Capacity of the battery depends on the following two important characteristics.
A. Rate Capacity Effect
The rate, at which, the battery discharges has profound impact on the nominal capacity of the battery. Batteries discharged at lower rate will be able to deliver higher capacity than the batteries discharged at higher rate. Many papers have showed that the pulsed discharge [3] , [4] , [11] from the battery increases the nominal battery capacity over the constant discharge.
B. Recovery capacity Effect
In the pulsed discharge, if the battery gets enough idle time between pulses of discharge, then the battery can recover some of its discharged nominal capacity. Due to recovery effect, we can completely use the theoretical capacity of the battery by smartly controlling the battery discharge characteristics. Recovery effect depends on the remaining nominal and theoretical capacities of the battery.
III. SYSTEM MODEL
We assume the following system model, which is similar to the system model used in [6] , [7] , [8] .
Sensor nodes are static and placed randomly over a square area sensing field.
Every sensor node senses an event and sends this information back to a static sink node, which is located at the center of the sensing field.
Every node is equipped with a smart battery [12] , from which, each node can read the remaining theoretical and nominal capacities.
Every sensor node is time synchronized [13] , [14] .
WSN lifetime is divided into pre-defined, equal size periods as shown in the Fig. 2 , which is similar to the round used in [6] , [7] .
Similar to the LEACH [6] , [7] , our protocol assumes CDMA-TDMA communication scheme, i.e., each cluster uses different CDMA code and the communication between cluster head and its client nodes uses TDMA slots to avoid contention. Next, we will explain the radio propagation, and the battery recovery model assumed in this paper.
A. Radio Propagation Model
Energy required to make a successful data transmission between neighboring nodes depends on the radio propagation model. In this paper, we are assuming the first order radio model [6] , [7] , [8] . In this model, energy required to transmit the data is sum of the energy required to run the transmitter circuitry and the energy required to run the amplifier circuitry. Energy required to receive the data is equal to the energy required to run the receiver circuitry. Both the transmitter and the receiver spend constant energy (50 nano Jules/bit). Amplifier circuitry spends 100 pico Jules/bit energy to each area broadcast.
B. Battery Recovery Model
We assume that every node recovers 0.05 micro Jules of nominal capacity during the idle recovery period with recovery probability (
). Recovery period depends on the type of the battery. Recovery probability [5] is a decreasing exponential function as given below:
Where, is a piece-wise constant function [5] as given below.
IV. RELATED WORK In each round, LEACH protocol [6] , [7] selects the clusters heads probabilistically. Each node, R , elects itself as the cluster head by selecting a random number between zero to one and calculating following threshold value,
Where is the desired percentage of cluster heads in each round and the set s stores the ids of the nodes that became the cluster heads during the last LEACH protocol improves the lifetime [6] , [7] of the WSN, when compared with the direct transmission and the transmission along the minimum energy spanning tree. In the direct transmission, every node directly transmits its data packets to the sink node. But, the LEACH protocol has the following , also considers the heterogeneity in the battery capacities. Similar to LEACH, SEP also may not provide uniform discharge from the sensor nodes.
Battery discharge characteristics also greatly influence the lifetime of the WSNs. In [15] , authors proposed a Battery Aware Medium Access Protocol (BAMAC) to improve the lifetime in ad-hoc wireless networks. BAMAC improves the lifetime by smartly controlling the discharge from each node. Chiasserini and Rao [12] , [16] , [17] have studied many problems on using the pulsed battery discharge to improve the lifetime of the battery.
V. HIERARCHICAL-BATTERY AWARE ROUTING (H-BAR)
The H-BAR is a energy efficient hierarchical routing protocol for the WSNs. To prolong the lifetime of the WSN, routing protocol should have the following two important properties. Firstly, routing protocol should drain the battery at each node in the pulsed fashion. As discussed before, pulsed battery discharge prolongs the lifetime of the battery as compared to the constant discharge due to recovery capacity effect. Idle time, between the pulses of discharge, helps the battery to recover some of its used nominal capacity. From the equation 1, we can see that the recovery probability is a exponentially decreasing function of the remaining nominal and theoretical capacities. Recovery probability is higher, when the node has the higher remaining capacities. Recovery probability decreases exponentially as the remaining capacities decrease. Secondly and most importantly, energy discharge from the battery of each sensor node should be as uniform as possible. Uniform discharge increases the recovered battery capacity in the WSN.
To make pulsed discharge from each sensor node, WSN lifetime is divided into pre-defined, equal size periods as shown in the Fig. 2 . In the beginning of every period, new set of cluster heads are selected. We know that the cluster head nodes expend much higher energy without any idle time. But, the client nodes expend much lower energy with idle time. Length of the idle time depends on the TDMA schedule in each cluster. Illustration of the energy drain from the battery at a node is presented in the Fig. 3 . Hence, the periodic changing of cluster head role between different nodes in each period helps to drain the battery in the pulsed pattern. Periodic changing of cluster heads has been used in the previous routing protocols [6] , [7] , [8] to spread the battery discharge to all the nodes in the WSN. But the previous routing protocols might not provide the uniform discharge from each node due to following reason. During the lifetime of the WSN, each node has an equal probability of becoming a cluster head. Each node, when it takes up the cluster head role, spends a different amount of energy based on its distance from the sink node. Similarly, each node, when it is a client node, spends a different amount of energy based on its distance from its cluster head. To make the battery discharge as uniform as possible, nodes with the higher remaining capacities should have a higher probability of becoming a cluster head in each period than the nodes with the lower remaining capacities.
Each period begins with a shorter duration cluster setup phase followed by a longer duration data transfer phase. Data transfer phase duration has also been divided into pre-defined, equal size slots as shown in the Fig. 2 .
During the cluster setup phase, new set of cluster heads gets elected based on the remaining capacities at each node. Average number of cluster heads per period also plays an important role on the lifetime of the WSN. Every node in the WSN acting as the cluster head is same as zero nodes acting as the cluster head. In both the cases [6] , every node sends its data packets directly (direct transmission) to the sink node and the lifetime of the WSN is the lowest. As the average number of cluster heads per period varied from zero to the maximum number (i.e., all the nodes in the WSN), the lifetime of the WSN [6] reaches a maximum value before reaching the lowest value again. As noticed in [6] , [8] , we also noticed an exponential decrease in the lifetime of the WSN as the average number of cluster heads per period increased after reaching the maximum lifetime value.
To control the average number of cluster heads per period, H-BAR has a transmission range value, which is denoted as u . This range value is a input parameter to the H-BAR protocol. Higher the u value, lower the average cluster size per period and vice versa. Optimal cluster size value can be found from the theoretical analysis [18] , which can be used as the basis for deciding the input parameter 2) Cluster Head Announcement (CHA): Every node elects itself as the cluster head, if it has the highest theoretical capacity among the nodes from which it received the BSA message. Each elected cluster head node advertises its intention of becoming a cluster head within the u range. Ties in the theoretical capacities are broken by using the nominal capacities, and the node ids. LEACH protocol requires each sensor node to advertise its CHA message with the maximum range, which might be much higher than the u value. Hence, this step in the LEACH protocol discharges much higher energy than our H-BAR protocol. We did not considered the energy savings in this step in our simulation study. 3) Cluster Join Announcement (CJA): Node, which is not a cluster head, joins a cluster with the nearest cluster head based on the received signal strength of the CHA message. 4) Frame Announcement (FA): Based on the number of client nodes in its cluster, cluster head creates a frame as illustrated in the Fig. 2 . Frame is schedule of slots to each client node. Each client node transmits its data packet in its scheduled slot to the cluster head node. In the data transfer phase, all the client nodes forward their data packets directly to its cluster head. Based on the required accuracy level and the type of data, cluster head aggregates the data packets. Cluster head forwards this aggregated packet to the sink node.
VI. SIMULATIONS
In this section, we will evaluate our H-BAR protocol through extensive simulation study by comparing the H-BAR and the LEACH protocols. We will make the following assumptions in our study.
We assume that 100 sensor nodes are randomly placed over 100 X 100 square area sensor field.
Each sensor node has a battery with 0.4 Jules of theoretical capacity and 0.2 Jules of nominal capacity and recovers 0.05 milli Jules of nominal capacity in each idle slot.
Each data transfer phase consists of 500 slots.
Size of the data packet is 250 bits and that of BSA control packet size is 25 bits.
Cluster head aggregates 5 data packets into one packet before forwarding it to the sink node.
Battery parameter, u , value is equal to 0.05/milli Jule [15] . Graph shown in the Fig. 4 compares the lifetime of the WSN with our H-BAR and LEACH protocols [6] , [7] . Based on the type of application and the coverage requirement, lifetime of the WSN can be defined as the number periods before a given percentage nodes dead. Notice that, a sensor node with zero nominal battery capacity is dead, even with nonzero theoretical battery capacity. In the graph shown in the Fig. 4 , unit on the x-axis is the percentage of dead nodes and the unit on the y-axis is the number of periods. In the LEACH protocol, CHA message, in the step 2, discharges much higher energy than our H-BAR protocol. But, we did not included these energy savings due to CHA message in our simulation study. Control overhead due to CJA message, in step 3, and FA message, in step 4, are the same in both LEACH and H-BAR protocols. Hence, we ignored the overhead due to these control messages in our simulation. In the H-BAR, BSA message, in the step 1, is a extra control message. We incorporated this extra control overhead due to BSA message in our simulation.
LEACH controls the average number of cluster heads per period by choosing a desired percentage of cluster heads ( ) value, which is an input parameter to the protocol. LEACH protocol, on average per period, chooses percentage of nodes as the cluster heads. As the value is increased from zero to a maximum value, the lifetime of the WSN reaches a maximum value before starts decreasing. From the simulations, LEACH with the battery recovery has a maximum lifetime value, when the value is equal to 0.05. Similar result was noticed in [6] , [7] without considering the battery recovery. In the graph shown in the Fig. 4 , we showed the lifetime of the WSN with LEACH protocol for three values, i.e., when the value is equal to 0.02, 0.05 and 0.0625. Lifetime of the LEACH protocol is maximum, when the is equal to 0.05 and the lifetime is lower, when the is equal to 0.02 and 0.0625.
Similar to LEACH, as the u value increased from zero to maximum value, lifetime of the H-BAR reaches a maximum value before starts decreasing. In the graph shown in the Fig. 4 , we showed the lifetime of the WSN with H-BAR protocol for three Next, we will present the results to explain the reason for the better performance of the H-BAR protocol. As discussed Reason for the highest lifetime is due to its highest battery capacity recovered, which can be observed from the graph shown in the Fig. 6 . Similar observations can be made in other cases of the simulations.
VII. SUMMARY AND CONCLUDING REMARKS The WSN have been envisioned to help in numerous monitoring applications. Energy efficient routing is paramount to extend the lifetime of the WSNs. In this paper, we proposed a Hierarchical-Battery Aware Routing (H-BAR) protocol. Our protocol uses the discharge properties of the battery to improve the battery capacities due to recovery capacity effect. Through extensive simulation study, we proved that our H-BAR protocol performs better than the probabilistic LEACH protocol.
In future, we want to develop an analytical model for the lifetime of the network. We also want to extend our protocol to heterogeneous WSNs [8] .
